Introduction
Some of the best-preserved sequences of moraines and outwash terraces in the southern Rocky Mountains were deposited in the northern part of the upper Arkansas Valley between Leadville and Clear Creek (Fig. I) . The ages of these glacial sequences have been debated since 1869, when the noted geomorphologist, William Morris Davis, first observed them as a student (Davis, 1905) . The stratigraphic nomenclature for, and the correlation of, the sequences have undergone numerous revisions (Shroba, 1977; Nelson et aI., 1984; Richmond, 1986a) . Our ideas about the numerical ages and genesis of these deposits are more detailed than those of the earliest workers in the area, but our map-unit boundaries differ little from those of Westgate (1905) and Capps (1909) .
Our work in the northern part of the upper Arkansas Valley focused on relative dating of a sequence of moraines (Shroba, 1977) and outwash terraces (Ostenaa et aI., 1981) in the lower Lake Creek valley near the former Twin Lakes, now Twin Lakes Reservoir (referred to below as "Twin Lakes"; Fig. 2 ) and on correlating them with similar landforms and deposits of the Bull Lake and Pinedale glaciations elsewhere in the Rocky Mountains (e.g., Richmond, 1986a; Hall and Shroba, 1993) . The more accurate ages for deposits that such correlations provide improve reconstructions of former valley glaciers, which are an important aspect of understanding Pleistocene climate change in the Rocky Mountains (Leonard, 1989; Brugger, 1994) . The ages also help define the earthquake hazard posed by late Pleistocene faults along the glaciated eastern flank of the Sawatch Range (Fig. IA) by constraining the times when glacial deposits were faulted (Ostenaa et aI., 1981; McCalpin, 1982; Colman et aI., 1985) . A preliminary version of this paper , including much of the supporting data, appeared in an unpublished field guide (Nelson et aI., 1984) .
Correlation Methods
Soil properties, particularly those of the B horizon, are the most useful criteria for distinguishing till and outwash in moraines and terraces of different relative age in the upper Arkansas Valley and for correlating these deposits and landforms with those of the Bull Lake and Pinedale glaciations elsewhere in the Rocky Mountains (Shroba and Birkeland, 1983; Richmond, 1986a; Hall and Shroba, 1993) . We applied standard methods widely used in soil chronosequence studies (e.g., Birkeland et aI., 1991) in describing and analyzing soils on the moraines and terraces near Twin Lakes (Fig. 2) and at five other sites near Leadville and Granite (Fig. IB) . We summarized properties of soil development thought to correspond most strongly with landform and deposit age (Table 1) using the profile development indices (PDIs) of Harden and Taylor (1983;  calculations done with an updated version of the spreadsheet designed by Nelson and Taylor, 1985) and several other measures, such as accumulation indices (AIs; Birkeland and Burke, 1988; Harden et aI., 1991) . In order to make our indices comparable to those for soils described on the type deposits of the Pinedale and Bull Lake glaciations in the Wind River Range of Wyoming, we used the same profile thickness (260 cm) and the same profile properties (except pH) for calculation of indices as did Hall and Shroba (1993; in their studies of soils on the type deposits; this procedure added basal horizon thickness to all but one of our soils (Table 1) . As in most other soil chronosequence studies, we assume that similarities in soil parent materials, present vegetation, and present climates (mean annual temperature, about 2°C; mean annual precipitation, 24-27 cm) between the type area of the Pinedale glaciation on the west flank of the Wind River Range and Twin Lakes imply comparable long-term rates of soil development (Shroba, 1977) .
A secondary means of distinguishing moraines and terraces of differing relative age involved mapping remnants of as many as five distinct outwash terraces (terraces I through 5 on Figs.
A. R. NELSON (Ostenaa et aI., 1981) . By comparing the relative heights and positions of moraines and terraces at the mouths of the major tributary drainages to the heights and positions of the mapped terraces extending south from Leadville we correlated these tributary glacial sequences with the sequence at Twin Lakes (Fig. 2) . The correlations relied heavily on the interpretation of aerial photographs, limited observations of soils and other weathering features, and unpublished work by W. W. Locke III, on the soils and glacial deposits near the mouth of Half Moon Creek (Fig.  IB) . Our mapping of the extent of Pinedale glaciers on the west flank of the Mosquito Range south of Leadville is based entirely on interpretation of aerial photographs. At a few sites near Twin Lakes, Half Moon Creek, and Leadville, we used the degree of subsurface stone weathering and preservation of moraine morphology to identify boundaries between tills of different ages (Figs. I and 2; as found by Burke and Birkeland, 1979 , Pinedale stones are little weathered and Bull Lake stones are commonly weathered to grus).
In the following discussion we use our most detailed evidence-the soils data from moraines at Twin Lakes and outwash terraces near Leadville-to support correlations of these deposits and landforms with similar deposits and landforms of the Pinedale and Bull Lake glaciations elsewhere in the Rocky Mountains. We then rely on our mapping of outwash terraces and more limited soil and morphology data to correlate other moraines and terraces in the northern part of the upper Arkansas Valley with those near Twin Lakes and Leadville (Fig. IB) .
Stratigraphic Nomenclature
Two different sets of stratigraphic (relative-age) terms are applied to the glacial deposits in the northern part of the upper Arkansas Valley. We use the terms "Pinedale," "Bull Lake," and "pre-Bull Lake" as relative-age terms for the glacial deposits composing the moraines at Twin Lakes ( Fig. 2 ; Shroba, 1977) and the outwash terraces and moraines near the mouths of other major tributary valleys between Leadville and Granite (Figs. 1, 3 ). These deposits are informal allostratigraphic units of the North American Stratigraphic Code (1983), whereas the terms "Pinedale" and "Bull Lake" also correspond with "glaciations" in the event classification scheme proposed by Johnson et aI. (1997) . All three terms have been used in the same sense in most previous studies of glacial deposits in the Rocky Mountain region (e.g., Meierding and Birkeland, 1980; Richmond, 1986a; Chadwick et aI., 1997) . However, we also use numbers that correspond with the terraces near Leadville (sequentially numbered, from oldest to youngest) to indicate a range of relative ages for deposits whose ages are uncertain. For example, outwash terraces 2 and 3 generally correlate with Bull Lake moraines and outwash terraces 4 and 5 generally correlate with Pinedale moraines (Figs. IB, lC) . However, on the west flank of the Mosquito Range, we designate some moraines that we studied only on aerial photographs as ranging in relative age from 2 to 4 (these map units are unshaded on Figure IB because they may have been deposited during either the Pinedale or Bull Lake glaciations).
We have no numerical ages for glacial deposits in the northern part of the upper Arkansas Valley, but on the basis of our relative-age data we suggest that the major deposits are broadly correlative with deposits of the Pinedale and Bull Lake glaciations as summarized by Meierding and Birkeland (1980) , Porter et aI. (1983) , Richmond (1986a) , Hall and Shroba (1993) , and Chadwick et aI. (1997) . Studies of the past two decades using radiocarbon, obsidian hydration, and Uranium-series dating indicate ages of about 14 to 47 ka for deposits of the Pinedale glaciation, 130 to 160 ka for deposits of the Bull Lake glaciation, and 300 to 700 ka for deposits of one or more pre-Bull Lake glaciations (Pierce et aI., 1976; Sturchio et aI., 1994; Gillespie and Molnar, 1995) . Recent cosmogenic-isotope dating of the surfaces of boulders on moraines in the Wind River Range of Wyoming yields ages of 16-23 ka for Pinedale moraines (Gosse et aI., 1995) , 95-130 ka for two groups of Bull Lake moraines of differing relative age, and> 130 ka for moraines from two older glaciations that were previously mapped as Bull Lake (Chadwick et aI., 1997; Phillips et aI., 1997) . Thus, although we use the singular "glaciation" with the terms "Bull Lake" and "pre-Bull Lake," each of these glaciations includes multiple glacier advances of differing relative age. Correlation with the early Wisconsin glaciation of central North America (about 60-80 ka) has been suggested for a few glacial deposits in the Rocky Mountains with weathering or soil characteristics intermediate between those of adjacent Bull Lake and Pinedale deposits (Porter et aI., 1983; Colman and Pierce, 1986; Richmond, 1986b; Hall and Shroba, 1995) . Although a glaciation of intermediate age cannot be entirely precluded, Phillips et aI. (1997) date the youngest Bull Lake moraines in the Wind River Range as no younger than 95 ka (Chadwick et aI., 1997) .
Moraines and Outwash Terraces near Twin Lakes

PREVIOUS WORK
The early descriptions of the glacial features in the Twin Lakes area (e.g., Hayden, 1874; Capps and Leffingwell, 1904; Davis, 1905) , followed by the more detailed work of Westgate (1905) and Capps (1909) , established this area as a classic example of alpine glaciation in the Rocky Mountains. Later, less detailed studies concerned primarily with the moraines at Twin Lakes (Ray, 1940; Richmond and Tweto, 1965) resulted in further subdivisions. Tweto and Case (1972: C 10) (1983) . The tenns "Pinedale" and "Bull Lake" glaciations are used in the sense of diachronic events, as proposed by Johnson et al. (1997) data. They noted in some drill holes that "weathered zones" locally overlain by "black soils" separated four of the tills. Reconnaissance mapping by Tweto and Reed (1973) and Tweto et a!. (1978) also differed significantly from that of earlier studies. Richmond (1986a, his Tweto and Case (1972) with older Bull Lake moraines, Till No.4 with younger Bull Lake moraines and the till of the maximum advance of Pinedale glaciers, and Till Nos. 5-7 with Pinedale recessional moraines.
MORAINE MORPHOLOGY AND SURFACE-WEATHERING FEATURES
Moraines with two distinct morphologies enclose the basin of Twin Lakes (Figs. 1B, 2) . North of the reservoir the outermost moraines have wider crests, gentler slopes, fewer surface boulders, and a greater degree of surface-boulder weathering than do the inner, more prominent moraines , Part I, table 1). The outer moraines are also more dissected and contain far fewer small, closed depressions than the higher (by 30 m) inner moraines. All previous workers have mapped the boundary between these two groups of moraines in about the same place (Richmond, 1986a) . Based on morphology and weathering characteristics we assign these moraines to the Bull Lake and Pinedale glaciations.
South of Twin Lakes, Shroba's (1977) boundary between tills of the Bull Lake and Pinedale glaciations differs from earlier studies except for that of Westgate (1905) . Based primarily on the degree of soil development (discussed below), Shroba (1977) placed this boundary south of the reservoir, between the two low, subdued, outermost lateral moraine ridges (between soil profiles 6 and 8, Shroba, 1977) . Unshaded areas are reservoirs or unmapped, non/glacial deposits. Data from weathering sites are discussed by Nelson et al. (1984, Part I) (north of profile 6, Fig. 2 ). The morphologies of the two subdued ridges are somewhat similar, but the inner ridge has a number of small, undrained depressions that indicate an age similar to that of the high (Pinedale) lateral moraines. We infer from reconnaissance surface-weathering data collected on the high and subdued moraines , Part I, table 1) that the innermost subdued lateral moraine may be only slightly older than the high (Pinedale) lateral moraine. The difference in the degree of surface weathering between the innermost subdued moraine and the high moraines is much less pronounced than that between Bull Lake and Pinedale moraines in many other valleys in the Rocky Mountains (e.g., Meierding and Birkeland, 1980; Richmond, 1986a) .
Map of glacial deposits (primarily till and outwash; Holocene landslide and alluvial deposits not shown) of the Pinedale and Bull Lake glaciations and deposits of a pre-Bull Lake glaciation in the lower Lake Creek valley near Twin Lakes Reservoir (modified from
AGE-RELATED PROPERTlES OF SOILS ON MORA1NES
Surface soils formed in morainal deposits (primarily till) of different ages near Twin Lakes (Fig. 2 ) differ in their degree of development of B horizon properties (Shroba, 1977) . Properties that are most strongly correlated with age are the thickness of the B horizon, rubification index, four-property PDI (rubification, melanization, texture, and structure), maximum percent clay, profile-weighted mean of percent clay, and the clay accumulation index (Table 1 ; Fig. 4 ).
Soils formed primarily in till of the Pinedale glaciation differ somewhat in their degree of development (Table 1 , Fig. 4 ). Most soils have cambic B horizons or weak argillic B horizons; other soils developed on very sandy tiII or that may have been eroded (profiles 4 and 5; e.g., Dahms, 1994 ) lack B horizons. B horizons are best developed at stable sites, where thin loess caps till (profile 6) and at sites where the tiII is silty (profile 2). The cambic horizons of profiles 1 and 2 are about 20 cm thick and have less than a 2% increase in clay, relative to the C horizon. These soils have very low structure and texture indices of 0-2 (69) >51 (144) >7 (15) >18 (66) >63 (222) (64) >65 (128) >6 (7) >30 (61) >102 (217) >39 (70) 18 • Field and laboratory methods as described by Birkeland et al. (1991 (427) b Profiles I through 6. 8. and 10 were originally designated TL-7, TL-9. TL-IO. TL-IIA. TL-II. TL-12. TL-13. and TL-14. respectively by Shroba (1977) and Nelson and Shruba (1984) . Prufiles 7. 9. and II through 18 were originally designated 16. 18.21.20. 17. 15. 14.22.23.24 , respectively by .
, Cumulative thickness of Bw. Bt. and Btk horizons.
J Profile development index of Harden and Taylor (19X3) . Four-property POI is calculated with rubification. texture. structure. and melanization indices to make the POI comparable to those of Hall and Shruba (1995) . For profiles that did not include the C horizon. we assumed that the B horizon was < 100 em thick and estimated properties for a Cox horizon assumed to extend to a depth of 260 em (the rest of the added horizon thickness).
Values in parenthe!-.es are those obtained if the B horizon is assumed to extend to 260 em.
e Maximum percentage of clay or carbonate in the mo~t clay-rich or carbonate-rich horizon. profile weighted means of clay or carbonate percentages in all horiJ:ons. and clay or carbonate accumulation indices (AI; methods described in Harden et al.. 1991; Birkeland et al.. 1991; Hall and Shroba. 1995) . Roman numeral superscripts next to carbonate percentages indicate horizons with carbonate stage I or II morphology (Birkeland et al.. 1991) .
The minor amount of secondary carbonate in profile 10 is probably due to the forest vegetation and the likelihood that secondary carbonate was leached from soils in the upper Arkansas Valley during glaciations (Machette. 1985) .
, The total thickness of the Bt and Btk horizons in this soil is probably not much more than 100 cm. because the thickest Bt horizon that we know of that is formed in till of similar age and composition is 95 em thick (Madole and Shroba. 1979) . 'The unusually thin Bt horizon of profile II. compared to its morphology. suggests that the upper part of the 13 horizon has been eroded. perhaps during the Pinedale glaciation. (Scott, 1975) EAST FORK MORAINES Ji" Scott (1975) and Scott et at. (1975) . The numbers are informal relative-age groups based on down-valley correlation of the terrace sequence at Leadville (Fig. 1 C) . The morphology and surface weathering features of adjacent moraines, and soils on the terraces, suggest the following relative-age correlations: 1, pre-Bull Lake; 2 and 3, Bull Lake; 4 and 5, Pinedale; N, K, and I refer to the "Nebraskan," "Kansan," and "Illinoian" terraces, respectively, of Scott (1975) , which are of middle and early Pleistocene age Colman et al., 1985; Richmond, 1986a) . Terraces 2-3 near the Twin Lakes and Clear Creek moraines are much higher above the river than the equivalent terraces to the north and south, probably because outwash from Bull Lake glaciers aggraded rapidly whenever glaciers in the valley of Clear Creek, or in a valley 3 km south of the creek, blocked outwash drainage through the narrow canyon below Granite Fig. 1A) . and POls of 4-5; profile 2 contains the most clay (AI of 150) and significant calcium carbonate (AI of 256). Argillic B horizons of profiles 3 and 6 are of similar thickness, but they have a 3.5% increase in clay relative to Cox horizons and have similar or higher soil and clay-accumulation indices than profiles 1 and 2. Both types of B horizons have redder hues and higher chromas than the underlying unoxidized till and have rubification indices of 3-21. profiles 2 and 3 at Twin Lakes than those for soils at Fremont Lake.
Indices for soils formed in till of the moraines with Bull Lake morphology at Twin Lakes (profiles 8 and 9) indicate stronger soil development than for soils in till of the moraines of the Pinedale glaciation (Table I, Fig. 4) . Moreover, the degree of development of the Bull Lake soils is similar to that of soils developed in till assigned to the Bull Lake glaciation in other areas of the Rocky Mountains (Shroba and Birkeland, 1983) . The Bull Lake soils near Twin Lakes have thick (>45 cm) argillic B horizons with absolute increases in clay of 11-18%. Indices for some profile properties, particularly for profile 8, are similar to the highest values for Pinedale soils at Twin Lakes, but structure and other indices that reflect clay content are higher By comparison, soils in till of the Pinedale moraines at Fremont Lake, Wyoming, commonly have somewhat higher values for most of these indices ( Fig. 4 ; Hall and Shroba, 1993, 1995) . Exceptions are the similar rubification indices for soils at Twin Lakes and Fremont Lake (means, 13.5 ± 7.6 versus 12.3 ± 4.3) and the much higher carbonate accumulation indices for .
than those for the Pinedale soils. Only minimum indices can be estimated for profile 9, because the profile did not include the Cox horizon ( Table I) . The thick argillic B horizons, high clay contents, and the stage II carbonate morphology (Birkeland et aI., 1991) of profiles 8 and 9 indicate that these soils are much older than the soils in till of the Pinedale glaciation at Twin Lakes.
Data for one profile suggest that a subdued moraine north of Twin Lakes may greatly predate the Bull Lake glaciation. The clay content (28%) and most soil indices for profile 10 (Fig. 2) are twice as high as contents and indices for the two soils on moraines with Bull Lake morphology at Twin Lakes, suggesting a significantly greater age for this soil (Table 1; Fig. 4) . However, only indices that reflect the percentage of clay are higher than those for soils on nearby loess-capped outwash that grades into the Bull Lake moraines (discussed below). Rubification and structure indices are significantly higher than the same indices for soils formed in the more clay-rich (12-19% clay) till of the outermost Bull Lake moraines at Fremont Lake, Wyoming ( Fig.  4 ; Hall, 1989; Shroba, 1989; Hall and Shroba, 1995) , which may well be older than many moraines with Bull Lake morphology and relative weathering characteristics in the Rocky Mountains (Chadwick et aI., 1997) . All clasts in the B horizon of profile 10 except quartzites are completely grussified-additional evidence of parent material of pre-Bull Lake age. Although weathering-rind thicknesses of clasts on the subdued moraine are about the same thickness as those on Bull Lake moraines, rind thicknesses usually increase very slowly with time on pre-Bull Lake deposits (Coleman and Dethier, 1986) .
At present, we correlate the moraines at profiles 8 and 9 with the Bull Lake glaciation (relative-age group 2-3, Fig. 1 ) and assign the moraine at profile 10 to a pre-Bull Lake glaciation on the basis of its high clay content (Table I ; Fig. 4) . Indices for profiles 8 and 9 are sufficiently low to suggest they may correlate with the Moraine V soils of Hall and Shroba (1995) on the youngest Bull Lake moraine at Fremont Lake, Wyoming, as originally mapped by Richmond (1987) . Hall and Shroba (1995) correlate this youngest Bull Lake moraine with the early Wisconsin glaciation (dating from about 60-80 ka), but recent cosmogenic-isotope dating of Moraine V and correlative moraines at Bull Lake on the east flank of the Wind River Range yields ages of about 95-130 ka (Phillips et aI., 1997) . Thus, all subdued moraines at Twin Lakes may also date from at least 95 ka. Because differences in the degree of soil development on older and younger Bull Lake moraines at Fremont Lake imply ice advances of differing relative age (Hall and Shroba, 1995) , some outermost moraines with Bull Lake morphology at many other Rocky Mountain localities may be considerably older than 130 ka (Chadwick et aI., 1997) . Nevertheless, more detailed mapping of moraines in the upper Arkansas Valley incorporating cosmogenic-isotope and other numerical ages are needed to confirm these correlations.
AGE-RELATED PROPERTIES OF SOILS ON OUTWASH TERRACES
Remnants of two gravelly terraces, which based on their height above the Arkansas River predate the Holocene (Terrace Nos. 3 and 4 of Behre, 1933 ; terraces 4 and 5 of this study), extend discontinuously along the river above and below the Twin Lakes moraines (Figs. lB, 3 ). At Balltown (Figs. IB, 2) terrace 4 (15-25 m above the river) is largely outwash because it grades into meltwater channels which head in Pinedale moraines to the west. A few probably correlative strath terraces at similar elevations have been cut on bedrock on the east side of the river. The few remnants of terrace 5 in this area (4-10 m above the river) also consist of coarse gravel suggesting an outwash origin during the later part of the Pinedale glaciation.
The soil on Pinedale outwash of terrace 4 (profile 7, Fig.  2 ) is much less well developed than the soils on higher outwash terraces. The weak development is partly due to the absence of a mantle of loess or slopewash, as is present on higher terraces. Profile 7's indices are similar to those of the more strongly developed soils on moraines of the Pinedale glaciation (profiles 3 and 5) and the more weakly developed Pinedale soils on moraines at Fremont Lake, Wyoming (Fig. 4 ; Hall and Shroba, 1995) . No soils were described on terrace 5.
The high outwash terraces near Twin Lakes (Terrace No.2 of Behre, 1933 ; terrace group 2-3 of Fig. 1 ) are preserved on the west side of the river, from Granite north to Half Moon Creek (Fig. 3) , at an average elevation of 110 m above the Arkansas River. The main terrace surface grades into the subdued outer moraines with Bull Lake morphology that enclose Twin Lakes (Fig. 2) , a geomorphic relation that suggests that the terraces were formed during the deposition of the moraines.
The soils on the high outwash terraces are generally similar to soils on the Bull Lake moraines (Table 1, Fig. 2) . However, most of the high-terrace soils are developed in a mantle (thicker than the surface A horizon) of loess and underlying loess-derived slopewash and/or a mixture of frost-stirred loess and outwash, as well as in the underlying outwash. In some soils the texture of this loess mantle is fine-grained and uniform, but in others (profiles 14 and 16) the presence of clasts in the slopewash or frost-mixed sediment requires designation of a parent material separate from that of the overlying loess and underlying outwash. The grain-size distribution of the matrix of the outwash is similar to that of sandy till. The strong development of the cambic B horizons developed in the loess and loess-derived sediment of some soils (profiles 13, 14 and 16), especially those that grade with depth into argillic B horizons or into more strongly developed cambic horizons in the underlying outwash parent material, suggests that the lower layers of loess and loessderived sediment do not significantly postdate the Pinedale glaciation. The oldest loess on the high outwash terraces may be similar in age to the older of two loess sheets identified on Bull Lake terraces along the Colorado River, 100 km to the northwest (Shroba, 1994) . A much younger age is indicated, however, for mantles of loess-derived sediment at some sites. A single radiocarbon age of 3995 ± 100 I·C yr BP (1-11,148) from a lens of charcoal at the base of the mantle of profile 16 reveals that (1) some of the loess-derived sediment overlying the outwash is mid-Holocene is age, and (2) cambic horizons can develop in loamy parent material in a few thousand years. The 5-cm-thick cambic horizon formed in the loess-derived sediment has moderate structure, 7.5YR-hue color, and 2% more clay than the underlying C horizon.
Indices for soils on the high outwash terraces (profiles 13, 14, 15, and 16; Table 1) are similar to or higher than those for the soils on the Bull Lake moraines (Fig. 4) . This is probably due to the higher clay content and higher moisture-holding capacity of their loess and loess-derived mantles. PDIs range from 34 to 61, similar to the 27-51 range for Bull Lake soils at Fremont Lake, Wyoming (Hall and Shroba, 1995) . Indices for profile 11 are much lower; its argillic B horizon is so thin (8 cm thick) that we infer that it was eroded during the Pinedale glaciation. B horizons on the other loess-and-outwash soils are 28-66 cm thick, have clay contents of 10-20%, and clay accumulation indices of 56-521; clay films in pores and coating clasts indicate clay illuviation (Table 1) . Carbonate morphology approaches stage III in profiles 14 and 16, and carbonate accumulation indices range from 216 to 2517, encompassing the 394-1936 range for carbonate AIs at Fremont Lake. Morphologic features observed in thin sections indicate engulfment of the lower part of the argillic B horizons by secondary carbonate (Fig. 5) ; similar features have been attributed to a change from moist climate during glaciations to significantly drier moisture regimes during interglaciations (Reheis, 1987) .
Grussification of all clasts except quartzites in a soil on a strath terrace well below the high outwash terraces (profile 12, Fig. 2 , about 45 m above the river) suggests that the soil parent material is at least middle Pleistocene in age (pre-Bull Lake). Soil indices, however, indicate that the soil may be about the same age as the soils on the high outwash terraces (profiles 13, 14, 15, and 16; Table 1); perhaps the soil developed on a strath cut by the river into pre-Bull Lake alluvium near the end of the Bull Lake glaciation after the river had incised to a level below that of the high terraces.
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FIGURE 5.
Thin section (lOx, polarized light) of the 3Bt3bk horizon of profile 15 on Bull Lake outwash south of the Twin Lakes moraines (Fig. 1B) showing clay films (labeled "f") coating sand grains and younger carbonate (labeled "c") coating the clay films. Capps and Leffingwell (1904) and Capps (1909) recognized evidence for two distinct periods of glaciation in the Leadville area where they identified and mapped two ages of glacial deposits with different surface morphology and two levels of terrace gravels (Fig. IB) . Emmons et al. (1927) supplemented the work of Capps (1909) with additional description of the surficial deposits near the mines of the Leadville area. Behre (1933) discussed five alluvial terraces in the Leadville area, but did not publish any detailed mapping. Ray (1940) later correlated moraines in the tributary valleys near Leadville with his glacial sequence in the Colorado Front Range based on his limited reconnaissance study in the Leadville area. In remapping the glacial deposits of the Leadville mining district, Behre (1953) generally supported the earlier work of Capps (1909) and Emmons et al. (1927) , but like Ray (1940) , assigned most deposits to the Wisconsin glaciation. Tweto's (1974) extensive mapping and geologic studies in the Leadville area resulted in only a general subdivision of the Quaternary deposits.
Moraines and Terraces of Bull Lake Age near Leadville
PREVIOUS WORK
AGE-RELATED PROPERTIES OF SOILS ON OUTWASH TERRACES
We use the soils developed on two outwash terraces 4 km northwest of Leadville, which can be traced to moraines in the valley of the East Fork of the Arkansas River (terraces 2 and 3, Fig. IB) , to correlate both the terraces and moraines with the Bull Lake glaciation. The soils on the terraces are developed in a mantle of loess, loess-derived slopewash or frost-stirred sediment, and/or underlying, very gravelly outwash. Soil profile 18 on the highest terrace (terrace 2 of Figs. IB and 3) has indices like those of the soils on the outwash terraces that grade into the Bull Lake moraines at Twin Lakes (Table 1) . The argillic B horizon of the soil is >75 cm thick with an absolute 10% clay increase relative to the A horizon (the C horizon was not exposed) and has moderately thick clay films that line pores and coat clasts. Although this soil has acid soil pHs, as would be expected at its moist, forested location, the lower 30 cm of its argillic B horizon has stage I carbonate morphology. Most of our soils that contain calcium carbonate are at dry, sagebrushcovered sites about 200 m lower and have alkaline soil pHs ( Fig.  2 ; Shroba, 1977) . Thus, the stage I carbonate may be evidence of an earlier climate, drier than present.
Our terrace 3, which corresponds to much of Terrace No. 2 of Behre (1933) , is 12 m lower than our terrace 2. Although the argillic B horizon of profile 17 on terrace 3 is only 39 cm thick, it has the highest rubification index (117) and POI (70) of any of our soils, 8% more clay than the underlying Cox horizon, and moderately thick clay films that line pores and coat clasts (Table 1) . A nearly identical soil was observed in a 2-m-deep excavation in an outwash channel graded to terrace 3 west of Leadville.
The indices for the soils on terraces 2 and 3 indicate that the soils are correlative with those on Bull Lake moraines and outwash terraces near Twin Lakes and with soils of the Bull Lake glaciation in the Wind River Range (Fig. 4) . Although terrace 3 is lower than and therefore younger than terrace 2, the similarities in indices between the soils do not indicate an age difference as large as that suggested by Hall and Shroba (1995) between the Bull Lake and Moraine V (youngest Bull Lake) moraines at Fremont Lake, Wyoming.
MORAINE MORPHOLOGY AND RELATIONS OF OU1WASH TERRACES WITH MORAINES
Terrace 2 grades into subdued moraines on both sides of the Arkansas River northwest of Leadville (Fig. IB) . Neither surface boulder-weathering data nor soils data have been collected on moraines in the Leadville area; however, the gentle slopes, wide crests, and few undrained depressions on the subdued moraines are typical of moraines of Bull Lake age or older. Tweto (1974; 1978, p. 18) suggested that the outermost of these moraines was of pre-Bull Lake age, but an exposure near the east end of the outermost moraine showed soil development and clast weathering more typical of deposits of Pinedale age. Because a moraine of Pinedale age could not lie down valley from Bull Lake or older moraines, the crest of this moraine must have been eroded. We assign these outer moraines to the Bull Lake glaciation on the basis of indices for profile 18 on terrace 2 (Table 1) .
Immediately upvalley from the moraines correlated with terrace 2, terrace 3 grades into smaller moraines which have slightly steeper slopes and a few more undrained depressions than the outer moraines to the west (Fig. IB) . Although Capps (1909) mapped these moraines within his deposits of the last glaciation, soils data from the adjacent terraces do not suggest a substantial age difference between the terrace-3 and the terrace-2 moraines. Unfortunately, we have neither rock-weathering nor soils data from these moraines.
We are uncertain whether or not the lateral moraines and subdued glacial deposits that mantle the bedrock above the Pinedale moraines and outwash north and east of Leadville accumulated during the deposition of terraces 2 or 3 or during an earlier pre-Bull Lake glaciation. However, outwash deposits that grade into the moraines north of Leadville also grade into slightly hummocky moraines at the mouth of Evans Gulch (labeled 2-4, Fig. IB) . Because the outwash surfaces at about the same elevation as terraces 2 and 3 grade into the moraines of similar morphology deposited in the valleys of the East Fork and Evans Gulch north and east of Leadville, we infer that both moraines are about the same age and that they probably were deposited during the Bull Lake glaciation. We discuss the possibility of a post-Bull Lake age for these moraines below.
Moraines and Terraces in Other Parts of the Valley
MORAINES AND TERRACE DEPOSITS OF PRE-BULL LAKE AGE
Several high terrace deposits and one area of subdued moraines on the east side of the Arkansas River, south of Leadville, considerably predate the Bull Lake glaciation. We assign most outwash-terrace surfaces and deposits near Leadville to terrace 2 (Bull Lake age), but we indicate uncertainty in our ages for some of the more distal surfaces and deposits in the center of the valley by assigning them to terrace group 1-2 (Fig. IB) . For example, the very subdued morphology and greater distance of a 1-2 moraine (southwest of Leadville) from the head of the Arkansas Valley near Climax relative to that of terrace-2 (Bull Lake) moraines is typical of moraines of pre-Bull Lake age. Based largely on a correlation with the global oxygen-isotope record, Richmond (1986a) suggests a middle middle Pleistocene age (420-620 ka) for this moraine (possibly till No.2 of Tweto, 1961) and an early middle Pleistocene age (620-780 ka) for an older till-like deposit identified by Tweto (1961; Till No.1) near Leadville.
Weathering characteristics and relative height in relation to terraces that we trace into Bull Lake moraines show that many of the high terrace deposits in group 1-2 are of pre-Bull Lake age. Some high terraces, such as those that rise eastward toward the Mosquito Range and grade into pediment deposits, may not be linked to glaciations (parts of Terrace No. 1 of Behre, 1933: 800) . Tweto (1961 Tweto ( , 1974 mapped some of the oldest terrace deposits as Malta Gravel of pre-Bull Lake age (correlated by Richmond, 1986a , to the middle middle Pleistocene). Such an age is indicated by the complete grussification of all coarsegrained granitic clasts in the upper parts of some deposits of terrace group 1-2. Capps (1909: 17) reported oxidation to depths in excess of 25 m in surficial deposits in a mine near Leadville; however, this apparent oxidation may have been inherited from hydrothermally altered bedrock. Another way to explain clast grussification in some group 1-2 deposits is through the cutting of strath terraces in highly weathered older deposits by meltwater during Pleistocene glaciations. Behre (1933) correlated several smooth, gently sloping bedrock surfaces east and north of Granite with outwash terraces of group 1-2 based on their similar relative heights above the Arkansas River. Although some surfaces cut on bedrock may be down-dropped remnants of a late Eocene erosion surface, we concur with Richmond (l986a) that most group 1-2 deposits are probably equivalent in age to gravels 3 and 4 of Van Alstine (1969) , the middle Pleistocene alluvial deposits of Kansan and Illinoian (?) Alluviums of Scott, 1975) , and the pre-Bull Lake deposits of Colman et al. (1985; also Richmond, 1986a, his (Figs. lA, 3) .
MORAINES AND TERRACE DEPOSITS OF BULL LAKE AND PINEDALE AGES
As discussed above for the Twin Lakes and Leadville areas, many alluvial terraces lower than those in group 1-2 can be traced into moraines in other tributary valleys of the northern A. R. NELSON AND R. R. SHROAA / 357 part of the upper Arkansas Valley demonstrating a glaciofluvial origin for these terraces. The high terraces along the west side of the Arkansas River were mapped as Terrace No.2 by Behre (1933) . as part of the "high terrace gravels" by Capps (1909) . and as the "earlier gravels" by Westgate (1905) . Because we are uncertain of correlations of terraces 2 and 3 south of Leadville. these terraces and their correlative moraines are assigned to terrace group 2-3. which correlates with the Bull Lake outwash (older and younger outwash not differentiated) of Scott (1975) in the southern part of the upper Arkansas Valley (Figs.  lAo 3) . These terraces grade into moraines with subdued morphology characteristic of Bull Lake moraines (e.g . • Meierding and Birkeland. 1980; Richmond, 1986a) in the valleys of Half Moon, Clear Creek, and Evans Gulch.
Our map of the moraines and outwash terraces near the mouth of Half Moon Creek (Fig. IB) is similar to those of Capps (1909) , Behre (1933) , Tweto and Reed (1973) , and a reconnaissance study by W. W. Locke III (written communication, 1975) . Locke used quantitative measurements of moraine morphology (slope angles and crest widths), surface boulder-weathering parameters (frequency, percent split, rind thickness, and pit depths), and soil color and texture at eight sites to distinguish moraines of three relative ages. Two of the three groups of moraines have corresponding outwash terraces. Moraines that we correlate with the Pinedale glaciation on the basis of hummocky topography and Locke's surface boulder-weathering data (Nelson et a\., 1984, Part 1) and soil indices, extend eastward out of the valley of Half Moon Creek and then trend northeastward (Fig.  IB) . The ice that deposited these hummocky moraines appears to have been deflected northeastward by higher, more subdued moraines to the east. Locke subdivided the subdued moraines into a Bull Lake group and a pre-Bull Lake group on the basis of differences in their relative relief and slope angles. However, rubification, maximum percent clay. and clay accumulation indices for the single soil used by Locke to suggest a pre-Bull Lake age for the easternmost moraines have similar index values as some of the soils in Locke's Bull Lake group, and these values fall within the ranges of the same indices for the soils on the Bull Lake moraines at Twin Lakes (Fig. 2) . For this reason, and until more data are available, we correlate all the older moraines at Half Moon Creek with the Bull Lake glaciation.
In other tributary valleys, as well as in the valleys of Twin Lakes, the East Fork of the Arkansas, and Half Moon Creek (discussed above). our terraces 4 and 5 grade into moraines with hummocky morphology characteristic of Pinedale moraines (e.g., Meierding and Birkeland, 1980; Richmond, 1986a) . These terraces are equivalent to Behre's (1933) terraces No.3 and 4, and they include the "low terrace gravels" of Capps (1909) and the "later gravels" of Westgate (1905) . Along the axis of the Arkansas Valley north of the Twin Lakes moraines, these terraces are sometimes difficult to distinguish from younger, lower terraces of Holocene age. However, south of the canyon below Granite, terraces 4 and 5 are distinct and present at heights of approximately 20 to 25 m and 10 to 12 m above stream level, respectively (Figs. IB, 3) . A series of alluvial fans, discontinuous terrace deposits, and small surfaces cut on bedrock south of Box Creek (Fig. IB) probably correlate with terraces 4 and 5, but none of the terrace surfaces can be traced continuously through the narrow canyon below Granite to the terraces mapped by Scott (1975) north of Buena Vista. Based on their relative height above the Arkansas River (Fig. 3) , relations with moraines with morphologies typical of those of the Pinedale glaciation, and the relative degree of soil development on the terraces (discussed above), we correlate terrace 4 with the older 358 / ARCTIC AND ALPINE RESEARCH Pinedale outwash of Scott (1975) and terrace 5 with his younger Pinedale outwash in the southern part of the upper Arkansas Valley. used the thousands of huge boulders (many >6 m long) in the outwash of terrace 4 near Buena Vista to infer multiple outburst floods of meltwater dammed by a Pinedale glacier about 3 km south of the mouth of Clear Creek (Fig. lA) .
UNCERTAIN EXTENT OF PINEDALE AND BULL LAKE GLACIERS ON THE WEST FLANK OF THE MOSQUITO RANGE
Ice extent on the west flank of the Mosquito Range during the Pinedale and Bull Lake glaciations is uncertain, particularly south of Leadville. In Iowa Gulch, Empire Gulch, and along Union Creek (Fig. IB) , moraines at valley mouths are present in the same relative position (distance from the cirques) as the outer moraines in Evans Gulch at Leadville (labeled 2-4, Fig.  IB ), suggesting that they may also be of Bull Lake age. However, the moraines in the valleys south of Evans Gulch (also labeled 2-4, Fig. IB) have sharper crests and more undrained depressions than those at the mouth of Evans Gulch, leaving open the possibility that the moraines farther south significantly post-date the Bull Lake glaciation. These morphologically younger moraines might be broadly correlative with the oldest deposits of the Pinedale glaciation identified in northwestern Wyoming (Sturchio et a\., 1994) , with early Wisconsin deposits postulated to date from about 60-80 ka at a few localities in the Rocky Mountains (Colman and Pierce, 1986; Richmond, 1986b) , or, possibly, the moraines were deposited during the Bull Lake glaciation (130-160 ka) and the more subdued moraines in Evans Gulch and the East Fork of the Arkansas at Leadville significantly predate them.
Terrace 4 along the East Fork of the Arkansas has hummocky topography (the outwash must have contained blocks of stagnant ice) upvalley from the terrace-3 moraines, and grades into low, hummocky moraines 4 km farther upvalley (Fig. IB) . No soil data were collected on these moraines, but they are morphologically similar to the Pinedale moraines near Twin Lakes and elsewhere in the Rocky Mountains. Although they are small, they have steep slopes, narrow crests, and abundant, deep, undrained depressions.
If moraine morphology is the only relative-age criteria, the maximum extent of Pinedale glaciers in the valley of the East Fork of the Arkansas was at the position of the hummocky moraines mentioned above (Fig. IB) . By the same reasoning, Pinedale glaciers extended no farther down the valleys of Evans Gulch, Iowa Gulch, and Empire Gulch than the small, narrow moraines 2 to 4 km upvalley from the outermost, more subdued moraines in these valleys. This interpretation implies that, at their greatest extent, Pinedale glaciers on the west flank of the Mosquito Range were significantly less extensive than Bull Lake glaciers (Pinedale-to-Bull-Lake-glacier length ratios of 0.64-0.84). But Pinedale-to-Bull-Lake ratios are much higher (typically about 0.95) on the west flanks of other nearby mountain ranges-for example, the Front Range to the northeast (Meierding and Birkeland, 1980; Meierding, 1982) , the Sangre de Cristo Range to the southeast (McCalpin, 1982) , and the Sawatch range to the west (Brugger, 1994) -and elsewhere in the Rocky Mountains. If confirmed, the much less extensive glaciers on the west flank of the Mosquito Range during the Pinedale glaciation would have regional paleoclimatic implications (e.g., Leonard, 1989) .
A more likely interpretation for the morphology and position of the vaHey-mouth moraines on the west flank of the Mosquito Range is that the most extensive Pinedale advance reached the outermost moraines, but did not linger long enough or transport enough debris to deposit large, hummocky moraines. Assuming stagnant ice produced the hummocky topography of outwash terrace 4 along the East Fork of the Arkansas, the terrace and the moraines immediately upvalley from it must be of similar age because an older outwash surface would not be preserved immediately adjacent to younger moraines upvalley. This alternative interpretation requires Pinedale ice in the valley of the East Fork to have advanced for a short time at least to the east edge of the moraines correlative with terrace 3 and then to have receded and stabilized at the position of the upvalley moraines. The small size of the correlative up valley moraines in the valleys to the south (labeled 4-5, Fig. lB) suggests that they could be recessional moraines rather than the terminal moraines of a Pinedale advance. The 2-4 range in relative ages assigned the larger moraines in these valleys (Fig. IB) reflects our uncertainty on the maximum extent of Pinedale and Bull Lake glaciers. Soils and other relative-weathering data may help determine the position of the Pinedale-Bull Lake boundary in these valleys. Such techniques combined with new methods of cosmogenic-isotope dating of boulders on moraines (e.g., Phillips et aI., 1997) might resolve these and other questions about the glacial chronology of the northern part of the upper Arkansas Valley that were first raised well over a century ago.
Conclusions
Age-related properties of soils on moraines and outwash terraces provide a means of correlating glacial sequences at the mouths of major tributaries of the upper Arkansas River in central Colorado with sequences at two of the type areas of Rocky Mountain glaciation in the Wind River Range of Wyoming. Moraine morphology, relative position of moraines and terraces, and the distribution of outwash terraces within the northern part of the upper Arkansas Valley are secondary means of correlation of sequences in this area.
Profile development indices for soils developed in moraines and outwash near Twin Lakes and in outwash near Leadville support the correlation of subdued moraines and two high outwash terraces with the Bull Lake glaciation (ca. 130-160 ka) and the correlation of hummocky moraines and two low outwash terraces with the Pinedale glaciation (ca. 14-47 ka). Near Twin Lakes, indices for soils on low, outer lateral moraines suggest that Pinedale glaciers extended several hundred meters beyond the margin of the high lateral moraines with hummocky topography. A few subdued moraines near Twin Lakes and Leadville probably record one or more glaciations significantly older than the Bull Lake. Correlations using soils data and new cosmogenic-isotope ages of >95 ka for the youngest Bull Lake moraines in the Wind River Range suggest that all subdued moraines in the northern part of the upper Arkansas Valley may be at least this old.
Correlations and ice extent during the Pinedale and Bull Lake glaciations are much less certain for the smaller, less extensive glacial sequences on the west flank of the Mosquito Range than for those on the east flank of the Sawatch Range, primarily because soil and other types of relative-age data are unavailable for the Mosquito Range. Although Pinedale glaciers in the Mosquito Range may have been much less extensive than Bull Lake glaciers, the paleoclimatic anomaly implied by such a glacial history in comparison with other ranges in the Southern Rocky Mountains suggest instead that Pinedale glaciers extended to or beyond valley mouths but built no prominent terminal moraines.
